In this numerical study, three dimensional transient heat transfer analysis of Friction Stir Welding of two 8mm-thick AA-6061-T651 (an aluminum alloy) slabs has been performed. The numerical tool is the commercial package Comsol © where the domain is modeled as a rectangular aluminum slab with a moving heat source along the centerline, as was the case in the experimental setup whose results have been compared to those of Comsol. Comparison has shown that moving heat source boundary condition to account for the heat input from the tool shoulder generates realistic results and thus can be a standard in similar problems. The findings of this work are believed to be a reference for future research on this area.
INTRODUCTION

FSW process was developed and patented by The Welding
Institute in 1991 [1] . 'A rotating pin, attached to a shoulder piece, is translated along the joint line, causing localized plastic deformation, whilst frictional heating occurs due to contact between the tool and the material. In this process, welding zone is completely isolated from atmosphere which minimizes the formation of voids and large distortion in the weld zone. This new welding technique is extensively applied to aerospace, automobile and shipbuilding industries [2] '.
Chao et al. formulated the heat transfer of the FSW process into two boundary value problems a steady state BVP for the tool and a transient BVP for the work piece. They concluded that 95 per cent of the heat generated by the friction went into the work piece and the rest went into the tool [3] .
Song and Kovacevic prepared a three dimensional transient model of the FSW process. Their work was both theoretical and experimental. They found that the calculated results were in good agreement with the experiments [4] .
Song and Kovacevic introduced moving coordinate system to reduce the difficulty of modeling the heat generation due to the movement of the tool pin. The heat transfer process of the tool and work piece are coupled at the work piece/tool interface. The calculated result were in good agreement with the experimental ones [5] .
Song and Kovacevic utilized again the moving coordinate system to reduce the difficulty of modeling heat generation between the work piece and the welding tool. The calculated results successfully demonstrated the heat-transfer process of the work piece in friction stir welding [6] .
Schmidt and Hattel used a thermal pseudo-mechanical model in which the temperature-dependent yield stress of the weld material controls the heat generation [7] .
Schmidt and Hattel made a heat transfer analysis of the FSW by taking into account the contact condition between the work piece and the tool. They mentioned the sticking and the sliding contact conditions [8] . Experimental characterization of the Heat Affected Zone properties of high carbon steel joined by rotary friction welding method was investigated by Mourad et al. [9] In our present work, we used both steady state and transient analysis of the heat transfer which is generated by the friction and is transmitted to the work piece. We also made comparisons between the calculated results and experimental ones.
THEORY
Microscopic theories such as the kinetic theory of gases and the free-electron theory of metals have been developed to the point where they can be used to predict conduction through media. Continua may be classified according to variations in thermal conductivity. A continuum is said to be homogeneous if its conductivity does not vary from point to point within the continuum, and heterogeneous if there is such variation. Furthermore, continua in which the conductivity is the same in all directions are said to be isotropic, whereas those in which there exists directional variation of conductivity are said to be anisotropic. When Fourier's law is introduced into the law of conservation of thermal energy, the differential form of the equation of heat conduction may be obtained in terms of the temperature alone. If an isotropic continuum is considered, following equation is obtained:
where the first term and second terms represent the transient part of the energy equation and the conduction, respectively [10] . This general equation can be rearranged with constant k (homogenous media) where the heat source moves:
where V is the velocity vector and is the thermal diffusion coefficient. However, for very slow motions such as in the current situation, V=0 in Eq. (2) which then becomes same as Eq. (1). In this case, heat applied is considered to be of temporal and spatial variation, i.e., Q(x,y,t) which is taken into consideration as a boundary condition.
EXPERIMENTAL SETUP
Two pieces of 8 mm-thick Aluminum 6061-T651 slabs, each having the dimensions of 75x250 mm are welded using Friction Stir Welding method (Fig. 1) . 
where the current (I) and voltage measurements (E) are obtained using a clamp multi-meter, Fluke Model 374. The net heat input into the experimental domain is then calculated using the expression Pnet=Pload-Pidle. This is the actual heat input into the welded pieces where Pload and Pidle are the electrical power inputs when load is applied and when the machine is idle, respectively. The net heat input into the experimental domain is then calculated to be 1650 W, using Eq. 3. However, about 10% of this power can be considered as the heat loss by axial conduction through the welding tool into the spindle of the milling machine [7] , thus making the net heat input into the domain 1500 W.
NUMERICAL MODEL
In the numerical modeling, a heat transfer problem is considered where a circular heat source with a radius R is traveling in the x direction with a velocity of 12.5 mm/min. Its intensity has a distribution with a peak value of qo which is the heat flux applied at a circular spot to represent the 3 mm diameter rotating tool. For a traveling heat source, it is not possible to have domain boundaries, or even a mesh, that fits the heat flux at all times. The heat flux itself can be entered in a straightforward manner, using a mathematical description. The variable for the radial coordinate, r can be expressed as = √( − ) 2 + 2 . Thus the heat flux can be written as
, for values of r<R [11] .
Dimensions of the domain: LxWxH=250x150x8 in millimeters, as shown in Fig.3 Emissivity value, =0.2 due to the shiny surface of aluminum slabs, to account for the heat loss via radiation.
Thermo-physical properties of AA-6061-T651 are calculated against varying temperatures using fitting curves obtained from the tabular data [12] . 
